A method to map out the energy distribution N(E ʈ ,E Ќ ) of an electron beam as a function of the longitudinal (E ʈ ) and transverse (E Ќ ) energy has been developed and applied to study the photoemission process from GaAs͑Cs, O͒ at 90 K. The method proceeds by ''marking'' electrons with fixed longitudinal energy E ʈ b and a subsequent measurement of the associated differential transverse energy distribution N Ќ (E ʈ b ,E Ќ ), applying an adiabatic magnetic compression technique. The complete energy distribution N(E ʈ ,E Ќ ) of electrons from a GaAs͑Cs, O͒ photocathode obtained by a stepwise variation of E ʈ b provides details about the transfer of electrons through the GaAs͑Cs, O͒-vacuum interface and demonstrates that not only electron energy loss, but also elastic electron scattering is of crucial importance in the escape process. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1368376͔
The adsorption of cesium and oxygen on an atomically clean surface of p ϩ -GaAs leads to a state of negative effective electron affinity ͑NEA͒.
1 At this state the vacuum level lies below the bottom of the conduction band in the bulk (E c ) such that electrons with small kinetic energies above E c can escape into vacuum ͑Fig. 1͒. In spite of widespread usage of NEA photocathodes as effective sources of electrons, the physics of the photoelectron escape process is still not well understood. In order to study the mechanisms of photoelectron transport through the GaAs͑Cs, O͒-vacuum interface in more detail, knowledge of the complete twodimensional energy distribution N(E ʈ ,E Ќ ) of the electrons directly after the emission is required, where E ʈ and E Ќ are the energies of electrons associated with their motion parallel and perpendicular to the surface normal, respectively. However, up to now only one-dimensional projections of the complete distributions were measured ͓moreover, in many cases stray electric and ͑or͒ magnetic fields led to an uncontrolled coupling between longitudinal and transverse energies during the transport of the low energy electrons (Ϸ10-300 meV) to the analyzing devices͔, which do not give sufficient information to clarify the relative importance of elastic and inelastic scattering in the emission process. In this work we present a method by which it has become possible to determine the complete energy distribution N(E ʈ ,E Ќ ) in a magnetized electron beam and to obtain detailed information on the energy loss and scattering of the photoelectrons occurring in the escape process from GaAs͑Cs, O͒.
We used transmission mode GaAs photocathodes consisting of a two layer heterostructure bonded to a glass substrate. The emitting p ϩ -GaAs͑100͒ layer was Ϸ1.5 m thick and doped with Zn to the hole concentration of about 5 ϫ10 18 cm Ϫ3 . A two-chamber photocathode preparation setup with a base pressure below 10 Ϫ12 mbar allowed us to activate photocathodes with ͑Cs, O͒ to quantum efficiencies of 20%-25% ͑in the reflection mode at 670 nm͒. The photocathode preparation setup and the related procedures are described in detail elsewhere. 2 After the activation the photocathode was transferred into the electron gun of the measurement setup, where it was cooled to 90 K.
In the measurement setup the cathode was illuminated in the reflection mode with a 800 nm diode laser. The photoemitted electrons were accelerated to Ϸ20 eV and transported in a guiding longitudinal magnetic field to a retarding field analyzer, capable of measuring the longitudinal energy of the electrons ͑see Fig. 1͒ . The acceleration to 20 eV was used to minimize distortions by possible stray fields and, together with the small electron density (Շ10 5 cm
Ϫ3
), also enabled us to avoid beam relaxation effects. The axial magnetic field was produced by an assembly of solenoid coils and its strength could be varied adiabatically along the drift path of the electrons from the gun to the analyzer. While the magnetic field B 0 at the cathode position was kept at a constant value of 0.05 T, the magnetic field B a ϭ␣ B 0 at the analyzer was adjustable corresponding to ␣ between 1.0 and 2.5. A potential barrier in front of the photocathode could be generated by one of the ring electrodes in the electron gun ͑''blocking electrode''͒ and used to block electrons with longitudinal energies E ʈ ϽE ʈ b before the acceleration. As E Ќ /B is an adiabatic invariant, 3 the longitudinal and transverse energies of an electron arriving at the analyzer (E ʈ Ј,E Ќ Ј) are related to those at the photocathode (E ʈ ,E Ќ ) by E ʈ ЈϭEʈ Ϫ⌬␣E Ќ and E Ќ ЈϭE Ќ ϩ⌬␣E Ќ with ⌬␣ϭ␣Ϫ1. Describing the transmission of the potential barriers at the blocking electrode and at the analyzer by step functions (E ʈ ϪE ʈ b ) and (E ʈ ЈϪE ʈ a ), respectively, where E ʈ b and E ʈ a represent appropriate cutting energies, the electron current I(E ʈ a ) measured by the retarding field analyzer is
͑1͒
The derivative of the retarding curve ͑for the assumed idealizing case of infinite resolution͒ is given by 
It follows immediately from Eq. ͑2͒ that for a fixed value of E ʈ b the distribution dI/dE ʈ a obtained at a magnetic field uniform along the beam (⌬␣ϭ0) is proportional to the longitudinal energy distribution N (E ʈ ) of all photoelectrons with E ʈ уE ʈ b . The mean transverse energy ͑MTE͒ of the same electrons can be deduced from the shift ⌬E ʈ a of the average longitudinal energies as obtained from measurements of dI/dE ʈ a at different ␣, the value of the MTE being ⌬E ʈ a /⌬␣. Longitudinal energy distributions as well as MTEs were studied in this way in previous investigations. 2, 4 The possibility to control the cutting energy E ʈ b near the cathode opens up additional options for the analysis of N(E ʈ ,E Ќ ). In particular, modulating E ʈ b in time with a small amplitude ⌬E ʈ b yields an ac component of the analyzer current which represents the signal only from electrons with initial longitudinal energies E ʈ near E ʈ b and can be measured sensitively by lock-in detection. Recording I m (E ʈ a ) for fixed E ʈ b and taking the derivative dI m /dE ʈ a , a signal proportional to the transverse energy distribution for electrons with
which can be deduced immediately from Eq. ͑2͒ by replacing the function, which describes the transmission of the block potential barrier, by a ␦ function, corresponding to the ''marked'' ac-current. Hence, the derivative signal dI m /dE ʈ a measures the number of electrons with a transverse energy
The following remarks are in place here: ͑a͒ Without expansion (⌬␣ϭ0) the modulation signal ͓see Eq. ͑3͔͒ reflects the combined width of the analyzer and blocking electrode transmission functions. For ⌬␣ϭ0 the signal dI m /dE ʈ a could be well fitted by a Gaussian with a standard deviation of LE ϭ17 meV, which did not depend on the amplitude of the modulation for ⌬E ʈ b Շ15 meV; this width was found to be dominated by the analyzer. ͑b͒ The transverse energy resolution is given by TE ϭ LE /⌬␣. ͑c͒ The variation of the blocking potential was found to slightly influence the transmission of electrons with longitudinal energies above the marked potential, resulting in a partial ''parasitic'' marking of high-energy electrons. This parasitic signal gave the strongest integral contribution ͑Ϸ5%͒ when electrons with very small longitudinal energy were marked. Figure 2 shows the longitudinal energy distribution curve
observed with a GaAs͑Cs, O͒ cathode for E ʈ b ϽE vac , i.e., admitting all photoemitted electrons. The electron energies are referred to the vacuum level E vac , which was determined as the steepest point of the low-energy slope of the curve. 5 The position of E c (280Ϯ10 meV) was found from an independent energy calibration measurement 6,7 on the same cathode. Similar to earlier findings, 2,4-8 the photoelectrons are distributed in a broad range of longitudinal energies from E c down to E vac . The high-energy tail of the N (E ʈ ) above E c reflects the original Boltzmann distribution of electrons in the bulk of the semiconductor and falls off exponentially with a 1/e interval of Ϸ12 meV, which is slightly above the bulk temperature ͑8 meV͒. The tail of the N (E ʈ ) extending to ''negative energies'' ͑below the vacuum level͒ results from the broadening of a sharp cutoff at E vac through the finite longitudinal energy resolution. The lowering of the longitudinal energies of photoemitted electrons to values below E c can be due to the loss of a fraction of their total energy or due to angle scattering, however, this could not be clarified from the longitudinal energy distribution alone. Differential transverse energy distributions N Ќ (E ʈ b ,E Ќ ) were measured for different E ʈ b in the range of 40-325 meV with a step width of about 20 meV. These measurements allowed us to construct the complete energy distribution N(E ʈ ,E Ќ ) by interpolation inside the measured longitudinal energy range and by a simple extrapolation outside this range, where the number of electrons was already small. In addition, relative normalization factors were applied to the various N Ќ (E ʈ b ,E Ќ ) so that the projection N (E ʈ ) of the derived two-dimensional distribution became consistent with the measured longitudinal energy distribution curve of Fig.  2 . The complete energy distribution N(E ʈ ,E Ќ ) of photoemitted electrons is shown in Fig. 3 . It is dominated by a peak located at E Ќ Ϸ6 meV and E ʈ Ϸ260 meV, i.e., slightly below the initial energy E c Ϸ280 meV of the bulk electrons. While the high-energy side of the peak (E ʈ уE c ) exponentially drops with a 1/e interval of about kT, its low energy side, after an initial steep decrease, gradually evolves into a plateau extending down to the vacuum level. The width of the plateau continuously grows with decreasing E ʈ and its height is a factor of 4-5 below the peak amplitude for the cathode used. Examples of N Ќ (E ʈ b ,E Ќ ) for E ʈ b ϭ300, 140, and 40 meV are inserted into Fig. 3 . At E ʈ b ϭ300 meV a narrow Gaussian-like curve is observed; its width of 25 meV (Ϸ2 TE ) is limited by the resolution of the analyzer. The mean of the differential transverse energy distribution, denoted by dMTE, amounts to about 6 meV for this E ʈ b . Similar shapes of N Ќ (E ʈ b ,E Ќ ) and similar dMTEs are found for all E ʈ b above the peak (E ʈ b Ͼ260 meV), consistent with the earlier observation 2 that by extracting electrons above a suitable longitudinal energy barrier, an electron beam with longitudinal and transverse energy spreads of about the bulk temperature can be obtained. Below the peak the transverse distribution broadens and the dMTE gradually increases. For E ʈ b ϭ40 meV the width of N Ќ (E ʈ b ,E Ќ ) is already 230 meV and the dMTE is about 120 meV. Looking down from the peak, the plateau is found to be delimited by the line of zero transverse energy to the right, and by the line of constant total energy E Ќ ϩE ʈ ϷE c to the left. At the right limit the electrons lost part of their total energy but kept a low transverse energy. At the left limit the photoelectrons passed through the band bending region without energy loss, but were scattered elastically and emitted at a large angle to the surface normal. The plateau itself corresponds to electrons which were scattered and suffered energy loss as well.
Derived one-dimensional distributions of the transverse energy E Ќ and of the total energy E t ϭE Ќ ϩE ʈ , defined by
, respectively, are shown in Fig. 2 . These distributions clearly demonstrate that both elastic and inelastic processes contribute strongly to the photoelectron transfer through the GaAs͑Cs, O͒-vacuum interface. Indeed, while the mean transverse electron energy in the bulk is about kT Ϸ8 meV, the photoemitted electrons are distributed over a wide interval of transverse energies with a MTE of 75 meV. Moreover, the total energy distribution is also strongly modified during the escape process and the energy loss extends up to the entire energy available from the surface potential step according to the given size of the NEA ͑280 meV for the used cathode͒; the mean total energy of the photoemitted electrons lies about 70 meV below E c . Although the mechanisms of the electron energy loss are still controversial, the observation 8 of phonon replicas in some N (E ʈ ) proves that phonon emission is at least one of the relevant mechanisms of electron energy loss near the interface. The maximum of N (E t ) is situated about 20 meV below E c ͑see Fig. 2͒ , which might be explained 2, 8 by an efficient capture of electrons to the upper two-dimensional quantized subband in the nearsurface potential well ͑see also Fig. 1͒ , from where a large part of electrons escape to the vacuum by tunneling through the thin potential barrier ͑conserving the transverse momentum͒ or by scattering on local fluctuations of the potential near the surface.
In conclusion, a method to measure the complete twodimensional energy distributions N(E ʈ ,E Ќ ) of electron emitters was developed and applied to photoemission from GaAs͑Cs, O͒, yielding information of unprecedented detail for this process. It was shown that elastic as well as inelastic electron scattering are of crucial importance in the electron transfer through the GaAs͑Cs, O͒-vacuum interface. 
